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ABSTRACT 

We  present  a  spectroscopic  sample  of  747  detached  close  binary  systems  from  the  Sloan  Digital  Sky  Survey 
(SDSS)  Fourth  Data  Release.  The  majority  of  these  binaries  consist  of  a  white  dwarf  primary  and  a  low-mass 
secondary  (typically  M  dwarf)  companion.  We  have  determined  the  temperature  and  gravity  for  496  of  the  white 
dwarf  primaries  and  the  spectral  type  and  magnetic  activity  properties  for  66 1  of  the  low-mass  secondaries.  We  have 
estimated  the  distances  for  each  of  the  white  dwarf-main-sequence  star  binaries  and  use  white  dwarf  evolutionary 
grids  to  establish  the  age  of  each  binary  system  from  the  white  dwarf  cooling  times.  With  respect  to  a  spectro¬ 
scopically  identified  sample  of  ~8000  isolated  M  dwarf  stars  in  the  SDSS,  the  M  dwarf  secondaries  show  enhanced 
activity  with  a  higher  active  fraction  at  a  given  spectral  type.  The  white  dwarf  temperatures  and  gravities  are  similar  to 
the  distribution  of^l900  DA  white  dwarfs  from  the  SDSS.  The  ages  of  the  binaries  in  this  study  range  from  ~0.5  Myr 
to  nearly  3  Gyr  (average  age  ~0.20  Gyr). 
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1.  INTRODUCTION 

One  of  the  many  interesting  by-products  of  the  Sloan  Digital 
Sky  Survey  (SDSS;  York  et  al.  2000)  is  the  detection  of  a  large 
number  of  unresolved,  close  binary  star  systems.  In  particular, 
the  five-color  photometry  and  spectra  covering  nearly  the  entire 
optical  wavelength  range  permit  easy  identification  of  unresolved 
binaries  consisting  of  a  ( blue)  white  dwarf  primary  and  a  (red)  sec¬ 
ondary  star,  typically  a  low-mass  main-sequence  M  dwarf.  These 
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binary  systems  represent  the  likely  progenitor  population  to  most 
cataclysmic  variables  (CVs)  and  perhaps  Type  la  supemovae  and 
are  therefore  a  subject  of  keen  interest.  In  addition,  they  provide  an 
interesting  test  of  stellar  evolution  for  both  the  primary  and  sec¬ 
ondary  stars  in  the  binary  environment.  Recent  SDSS  surveys  of 
white  dwarfs  (Kleinman  et  al.  2004,  hereafter  K04;  Eisenstein 
et  al.  2005)  and  M  dwarfs  (West  et  al.  2004,  hereafter  W04)  have 
summarized  the  bulk  properties  of  these  nearby  stellar  populations 
as  they  evolve  in  isolation.  Here  we  present  a  large  sample  of  white 
dwarf-M  dwarf  (WDM)  binaries  identified  spectroscopically  in 
the  SDSS  through  the  Fourth  Data  Release  (Adehnan-McCarthy 
et  al.  2006,  hereafter  DR4).  We  discuss  the  sample  selection,  pro¬ 
vide  tables  of  the  properties  of  the  individual  components  of  each 
system  (e.g.,  temperature,  gravity,  and  age  for  the  white  dwarfs; 
spectral  type,  Ha  emission,  equivalent  width,  and  spectroscopic 
parameters  for  the  M  dwarfs),  and  compare  the  properties  to  those 
of  the  isolated  white  dwarf  (K04)  and  M  dwarf  surveys  ( W04).  In 
subsequent  papers  we  will  (1)  explore  the  presence  of  magnetic 
white  dwarfs  in  these  systems  and  the  implications  for  the  produc¬ 
tion  of  magnetic  CVs  and  (2)  consider  a  subset  of  the  sample  for 
which  we  have  extensive  radial  velocity  information  (and  hence 
periods)  to  understand  in  detail  the  changes  that  occur  as  the  stars 
lose  angular  momentum  and  decrease  their  orbital  separation, 
evolving  into  yet  closer  binary  systems,  some  on  their  way  to  the 
CV  phase  of  evolution. 

Most  previous  attempts  to  identify  and  study  white  dwarf  bi¬ 
naries  with  low-mass  companions  have  been  confined  to  wide, 
common  proper  motion  systems  (see  Luyten  1963;  Oswalt  et  al. 
1996;  Silvestri  et  al.  2001,  2002)  where  the  evolution  of  the  sys¬ 
tem  proceeds  as  for  single  stars  due  to  the  large  (~  1 0^  AU)  orbital 
separation  of  the  components.  Studies  of  pre-CVs  such  as  Schultz 
et  al.  (1996),  Vermes  et  al.  (1999),  Marsh  (2000),  Hillwig  et  al. 
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(2000),  Maxted  et  al.  (2004),  and  most  recently  Morales-Rueda 
et  al.  (2005)  and  Dobbie  et  al.  (2005)  involve  too  few  systems  for 
robust  statistical  study.  Raymond  et  al.  (2003)  carried  out  a  pre¬ 
liminary  survey  of  WDM  systems  in  the  SDSS  using  data  from 
the  Early  Data  Release  (Stoughton  et  al.  2002,  hereafter  EDR)  and 
Data  Release  One  (Abazajian  et  al.  2003).  Their  sample  com¬ 
prised  109  systems,  of  which  106  are  contained  in  our  sample  (the 
remaining  three  have  been  reclassified  and  do  not  fit  our  sample 
criteria).  Our  much  larger  sample  and  improved  analysis  enables 
us  to  extend  and  refine  their  results.  We  anticipate  that  approxi¬ 
mately  500  additional  systems  will  be  added  to  the  sample  by  the 
end  of  the  SDSS.  The  new  Sloan  Extension  for  Galactic  Under¬ 
standing  and  Exploration  (SEGUE)  is  continuing  to  target  these 
objects  and  will  likely  discover  more  of  these  close  binaries  at 
lower  Galactic  latitudes. 

The  paper  proceeds  as  follows.  In  §  2  we  describe  the  sample 
selection  and  present  extensive  tables  giving  the  full  photometric 
and  spectroscopic  description  of  the  systems.  In  §  3  we  derive 
basic  parameters  for  the  white  dwarf  primaries  and  compare  these 
with  the  extensive  survey  of  white  dwarfs  in  the  SDSS  (K04). 
Section  4  contains  a  discussion  of  the  M  dwarf  secondaries  and 
comparison  to  the  SDSS  survey  of  M  dwarfs  in  W04.  Section  5 
summarizes  our  conclusions  and  plans  for  future  work. 

2.  WDM  SAMPLE  SELECTION 

This  study  represents  a  compilation  of  ~750  close  binary  sys¬ 
tems  observed  by  the  SDSS  through  the  DR4.  The  SDSS  (York 
et  al.  2000;  EDR;  Abazajian  et  al.  2003,  2004,  2005;  Adelman- 
McCarthy  et  al.  2006)  is  an  imaging  and  spectroscopic  survey  of 
lO"^  deg^  of  sky  in  five  colors  (u,  g,  r,  i,  and  z;  Fukugita  et  al. 
1996;  Gunn  et  al.  1998,  2005).  Details  on  the  image  processing 
and  calibration  for  the  SDSS  can  be  found  in  Fan  (1 999),  Lupton 
et  al.  (1999),  Hogg  et  al.  (2001),  Smith  et  al.  (2002),  Pier  et  al. 
(2003),  Ivezic  et  al.  (2004),  and  Tucker  et  al.  (2005).  Objects 
selected  for  follow-up  spectroscopy  are  obtained  with  twin  fiber- 
fed  double  spectrographs,  which  cover  a  wavelength  range  of 
3800  to  ~10,000  A. 

We  restrict  the  sample  to  systems  that  have  been  observed 
spectroscopically,  are  detached  (no  observational  signature  of 
mass  transfer  or  an  accretion  disk),  contain  a  white  dwarf  pri¬ 
mary,*'  and  are  in  an  unresolved  binary*^  with  a  low-mass,  non¬ 
degenerate  companion.  An  example  spectrum  of  a  WDM  system 
is  shown  in  Figure  1.  The  top  panel  displays  an  SDSS  spectrum 
of  an  unresolved,  close  binary  system  consisting  of  a  blue,  white 
dwarf  primary  and  a  red,  M  dwarf  secondary.  The  observed  spec¬ 
trum  is  the  superposition  of  the  unresolved  spectral  energy  dis¬ 
tributions  of  the  two  components.  The  bottom  panels  (described 
in  more  detail  in  §  2.1)  show  the  spectra  of  the  recovered  white 
dwarf  {left)  and  the  recovered  M  dwarf  {right).  Note  the  chromo¬ 
spheric  emission  from  the  magnetically  active  M  dwarf  seen  in 
the  Ha  (~6563  A)  line  in  the  bottom  right  panel.  The  M  dwarf 
Ha  emission  may  also  be  seen  superposed  on  the  Ha  absorption 
line  of  the  white  dwarf  in  the  top  panel. 

As  described  in  Raymond  et  al.  (2003),  an  initial  set  of  pho¬ 
tometric  selection  criteria  was  developed  to  identify  these  sys¬ 
tems  using  SDSS  photometry.  Four  colors  {u  —  g  <  0.45  [blue], 
g  —  r  <  0.70  [blue],  r  —  i  >  0.30  [red],  and  i  —  z  >  0.40  [red]) 
yield  reliable  identification  to  a  limiting  magnitude  of  (^  <  20. 


’  *  We  define  the  white  dwarf,  the  original  high-mass  component,  as  the  pri- 
mary  in  these  systems,  unlike  wide  binary  systems  where  the  primary  is  typically 
defined  as  the  brighter  of  the  two  components. 

A  parallel  investigation  of  common  proper  motion  binary  systems  in  the 
SDSS  is  underway,  and  we  refer  the  reader  to  Smith  et  al.  (2004)  for  details. 


The  color  cuts  were  later  refined  [{u  —  g)  —  \.'i\A{g  —  r)  < 
0.61,  (r  —  i)  >  0.91,  {i  —  z)  >  0.49]  to  improve  the  selection 
of  these  pairs  (R  McGehee  2005,  private  communication).  While 
this  targeting  algorithm  is  relatively  efficient,  it  is  of  low  priority  in 
the  overall  SDSS  spectroscopic  targeting  pipeline,  and  the  result¬ 
ing  spectra  obtained  during  normal  survey  operations  represent 
only  a  small  fraction  (<20%)  of  our  SDSS  spectroscopic  sample. 
The  colors  of  white  dwarf-dominated  unresolved  pairs  are  similar 
to  many  other  interesting  cosmological  objects  targeted  by  the 
SDSS;  hence,  the  majority  of  systems  in  this  sample  were  serendip- 
itously  targeted  for  spectroscopy  by  other  higher  priority  pipelines 
(e.g.,  quasars,  white  dwarfs).  Therefore,  our  spectroscopic  compi¬ 
lation  of  close  binary  systems  is  not  well  defined  photometrically, 
nor  is  it  statistically  complete. 

The  similarity  in  color  to  so  many  different  objects  targeted  by 
the  SDSS  makes  the  task  of  identifying  these  objects  based  solely 
on  their  ugriz  photometry  quite  difficult.  Typical  color  cuts  (see 
Smolcic  et  al.  2004)  do  not  single  out  the  pairs  in  which  the  flux 
is  very  blue  (dominated  by  the  flux  from  the  white  dwarf)  or  very 
red  (dominated  by  the  flux  from  the  M  dwarf).  The  final  color  cuts 
for  the  spectroscopic  targeting  algorithm  were  necessarily  quite 
narrow  in  order  to  avoid  severe  contamination  by  isolated  white 
dwarfs  and  by  M  dwarfs  from  the  low-mass  end  of  the  stellar 
locus.  Searching  the  SDSS  spectroscopic  database  only  for  objects 
with  this  stringent  color  selection  would  exclude  many  systems. 

Instead,  we  resorted  to  an  initial  visual  inspection  of  each  of 
the  640  fibers  from  each  of  the  ~  1 000  DR4  plates  in  an  effort  to 
recover  more  spectroscopically  observed  pairs.  The  obviously 
time-consuming  nature  of  this  process  prompted  the  creation  of 
an  algorithm  that  we  used  to  automatically  search  each  spectrum 
for  a  variety  of  hydrogen  (Balmer  Ha,  H/3,  H7)  and  helium  ab¬ 
sorption  features  that  identify  white  dwarfs.  We  also  searched  for 
emission  features  to  find  active  M  dwarfs  and  CVs.  Each  se¬ 
lected  spectrum  is  checked  by  eye,  and  if  it  is  a  bona  fide  WDM 
pair,  each  binary  component  is  assigned  a  coarse  identification. 
The  WDM  pairs  with  low  signal-to-noise  ratio  (S/N  <  5)  or 
non-DA/DB  primaries  are  missed  by  our  algorithm,  but  many 
have  been  recovered  through  the  white  dwarf  identification  pipe¬ 
line  described  in  K04  and  Eisenstein  et  al.  (2005).  Therefore,  we 
believe  our  sample  comprises  almost  all  of  the  spectroscopically 
observed  WDM  binaries  in  the  SDSS  through  the  DR4  data  re¬ 
lease  (2005  July). 

Table  1  lists  the  SDSS  photometry  {psfmag)  for  the  entire  sam¬ 
ple,  including  106  of  the  109  pairs  from  Raymond  et  al.  (2003). 
Columns  (l)-(4)  give  the  SDSS  coordinate  name  (hhmmss.ssi 
ddmmss.s  J2000.0),  plate  number,  fiber  number,  and  Modified 
Julian  Date  (MJD)  of  the  observation,  respectively.  Column  (5) 
lists  the  coarse  identifications  of  each  component  of  the  pair; 
columns  (6)  and  (7)  list  the  right  ascension  (J2000.0  in  decimal 
hr)  and  declination  of  the  object  (J2000.0  in  decimal  degrees); 
columns  (8)-(22)  give  the  ugr/z  magnitudes,  errors,  and  Galactic 
extinctions;  column  (23)  lists  the  original  data  release;  and  col¬ 
umn  (24)  lists  additional  notes.  We  follow  the  convention  of  de¬ 
signating  uncertain  spectral  type  classification  with  a  colon;  i.e., 
any  spectral  type  followed  immediately  by  a  colon  indicates 
uncertainty  in  the  by-eye  classification  of  the  object.  For  exam¬ 
ple,  DAHdM  indicates  that  the  most  likely  spectral  type  for  the 
white  dwarf  primary  is  DA,  although  for  various  reasons  (most 
commonly  low  S/N)  the  classification  should  be  taken  as  tentative 
until  follow-up  spectroscopy  can  be  performed.  We  maintain  this 
notation  in  all  tables.  It  should  be  noted  that  the  classifications  in 
this  paper  supersede  the  more  general  classifications  presented  in 
Eisenstein  et  al.  (2005).  Updated  classifications  for  these  objects 
are  presented  in  §§  3  and  4  (Tables  4  and  5). 
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Fig.  1. — Top:  Spectrum  of  the  unresolved  close  binary  system  SDSS  J113655. 17+040952. 6;  R  ~  1800.  Bottom  left.  Spectrum  of  the  recovered  white  dwarf. 
Bottom  right.  Recovered  M  dwarf 


Updated  photometry  and  spectroscopy  from  SDSS  data  re¬ 
leases  beyond  the  EDR  led  to  the  reclassification  of  three  of  the 
109  objects  from  the  Raymond  et  al.  (2003)  sample.  New  pho¬ 
tometry  and  tentative  spectral  types  are  given  in  Table  1  for 
SDSS  J143947.62-010606.9  (DA+:e)  and  SDSS  J234459.62-t 
002749.9  (DA-t:).  The  object  SDSS  J113722.25-t014848.6  is  the 
CV  RZ  Leo;  details  can  be  found  in  Szkody  et  al.  (2003).  As  this 
system  is  undergoing  mass  transfer,  we  exclude  it  from  our  sample. 

Figures  2  and  3  show  the  ugr  and  gri  color-color  diagrams  for 
the  spectroscopically  identified  WDMs  {open  circles  in  both  fig¬ 
ures),  as  compared  to  the  photometrically  identified  WDMs  of 
Smolcic  et  al.  (2004;  dots  in  both  figures)  and  the  spectroscop¬ 
ically  identified  white  dwarfs  of  K04  (crosses  in  both  figures). 
The  colors  are  the  point-spread  function  (PSF)  magnitudes  from 
the  latest  version  of  the  photometry  pipeline  (photo  5.4.25; 
Lupton  et  al.  2001),  as  described  by  Fukugita  et  al.  (1996),  Gunn 
et  al.  (1998),  Hogg  et  al.  (2001),  Smith  et  al.  (2002),  and  EDR. 
They  have  been  corrected  for  Galactic  extinction  (Schlegel  et  al. 
1998);  this  correction  is  usually  minor  for  these  relatively  nearby 
systems.  The  contribution  from  the  M  dwarf  companion  skews 
the  location  of  the  pairs  in  color-color  space  to  redder  colors  in 
both  figures  from  the  locus  occupied  by  isolated  DA  white  dwarfs. 
Very  few  of  the  red  (M  dwarf-dominated)  WDMs  that  are  seen 


photometrically  by  Smolcic  et  al.  (2004)  are  recovered  spectro¬ 
scopically,  most  likely  because  they  are  not  targeted  with  the  same 
frequency  as  the  bluer  WDMs  that  more  closely  match  the  colors 
of  high-priority  targets  in  the  main  SDSS.  Smolcic  et  al.  (2004) 
used  strict  color  cuts  to  avoid  contamination  of  their  sample  by 
white  dwarfs  and  quasars.  The  cuts  are  most  obvious  in  Figure  3 
and  account  for  the  abrupt  termination  of  the  sample  (dots)  above 
the  DA  white  dwarfs  in  the  figure.  The  spectroscopically  identified 
sample  of  WDMs  fills  the  gap  between  the  photometrically  iden¬ 
tified  samples  of  white  dwarfs  and  WDMs,  recovering  many  ob¬ 
jects  that  would  have  been  missed  by  the  photometric  cuts  for 
either  survey. 

2.1.  Separating  the  Components  of  the  WDM  Systems 

To  investigate  the  properties  of  the  individual  components  of 
the  WDM  binary  systems,  we  need  a  robust  method  of  separat¬ 
ing  the  two  stellar  spectra  for  individual  analysis.  Our  method  uses 
M  star  templates  and  color  indices  as  described  in  Hawley  et  al. 
(2002)  and  the  white  dwarf  model  atmospheres  of  D.  Koester, 
described  in  K04  and  Eisenstein  et  al.  (2005).  We  use  an  iterative 
method  to  fit  and  subtract  white  dwarf  models  and  M  dwarf 
templates  from  each  WDM  spectrum  to  find  the  best  fit  model  and 
template  for  the  white  dwarf  and  M  dwarf,  respectively. 


TABLE  1 

SDSS  White  Dwarf  +  Main-Sequence  Star  Binaries 


Name 
(SDSS  J) 

(1) 

Plate 

(2) 

Fiber 

(3) 

MJD 

(4) 

Spectral  Type*" 
(SPl  +  SP2) 
(5) 

R.A.’’ 

(deg) 

(6) 

Decl. 

(deg) 

(7) 

“psf 

(8) 

(7„ 

(9) 

A 

(10) 

5'psf 

(11) 

^9 

(12) 

^9 

(13) 

^psf 

(14) 

(Tr 

(15) 

Ar 

(16) 

^'psf 

(17) 

(7i 

(18) 

Ai 

(19) 

^psf 

(20) 

^2 

(21) 

A, 

(22) 

Data  Release‘s 
(23) 

Notes'* 

(24) 

001029.87+003126.2.... 

.  0388 

545 

51793 

DZ:  +  dM 

2.62448 

00.52396 

21.93 

0.19 

0.14 

20.85 

0.04 

0.10 

19.98 

0.03 

0.08 

19.00 

0.02 

0.06 

18.42 

0.04 

0.04 

EDR 

001324.33^085021.4... 

.  0652 

321 

52138 

WD:  +  dM 

3.35139 

-08.83929 

19.69 

0.05 

0.16 

19.73 

0.03 

0.12 

19.67 

0.03 

0.09 

19.08 

0.03 

0.07 

18.57 

0.04 

0.05 

DRl 

001726.63-^002451.2... 

.  0687 

153 

52518 

DA  +  dMe 

4.36099 

-00.41422 

19.68 

0.04 

0.14 

19.29 

0.03 

0.10 

19.03 

0.02 

0.07 

18.19 

0.02 

0.06 

17.54 

0.03 

0.04 

R 

001733.59+004030.4.... 

.  0389 

614 

51795 

DA  +  dM 

4.38996 

00.67511 

22.10 

0.40 

0.13 

20.79 

0.14 

0.10 

19.59 

0.03 

0.07 

18.17 

0.02 

0.05 

17.39 

0.02 

0.04 

EDR/R 

001749.24-000955.3  ... 

.  0389 

112 

51795 

DA  +  dMe 

4.45519 

-00.16539 

16.57 

0.02 

0.13 

16.87 

0.02 

0.10 

17.03 

0.01 

0.07 

16.78 

0.01 

0.05 

16.47 

0.02 

0.04 

EDR/R 

Notes. — Table  1  is  published  in  its  entirety  in  the  electronic  edition  of  the  Astronomical  Journal.  A  portion  is  shown  here  for  guidance  regarding  its  form  and  content. 
^  Spectral  type;  initial  identification;  e:  emission  detected  by  eye. 

^  Right  ascension  and  declination  are  J2000.0  equinox. 

(R)  Originally  published  in  Raymond  et  al.  (2003);  (K)  originally  published  in  K04.  Numbers  in  parentheses  are  plate  numbers  for  the  object’s  original  data  release. 
^  Double  asterisks  indicate  potential  low-gravity  (log  g  <1)  white  dwarfs. 
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TABLE  2 

SDSS  White  Dwarf  Spectral  Types 


Vol.  131 


Spectral  Type 

Number  of  Components 

DA(B,  H) . 

666(6,  3) 

DB(A) . 

26(2) 

DC . 

16 

DZ(A) . 

5(1) 

DO . 

1 

DQ . 

1 

WD'* . 

31 

Notes. — Atmospheric  composition  classification.  Refer  to  §  3.1 
and  Table  5  for  spectral  subtypes.  Letters  and  numbers  in  paren¬ 
theses  indicate  multiple  atmospheric  components.  For  example, 

DB(A)  and  26(2)  indicate  that  26  white  dwarfs  are  classified  as 
DB  and  two  are  of  mixed  atmosphere  type  DBA. 

®  WD:  unclassified.  Detected  the  presence  of  a  hot,  blue  com¬ 
panion  but  could  not  classify  the  spectral  type.  Refer  to  §  3  for 
details. 

analyzed  independently,  as  described  in  §  3  (for  the  white  dwarfs) 
and  §  4  (for  the  M  dwarfs). 


Fig.  2. — The  ugr  color-color  diagram  for  the  WDMs  in  our  sample.  The  spec¬ 
troscopically  identified  WDMs  are  plotted  as  open  circles  {left).  For  comparison, 
in  the  right  panel  we  plot  the  photometrically  identified  WDMs  of  Smolcic  et  al. 
(2004;  dots)  and  the  isolated  white  dwarfs  of  K04  {crosses). 

An  example  of  this  subtraction  process  is  introduced  in  Fig¬ 
ure  1.  The  WDM,  SDSS  J113655. 17+040952.6  {top),  was  sep¬ 
arated  into  its  two  component  stars  by  subtracting  a  best-fit  model 
DA  white  dwarf  with  Teff  ~  13,000  K  and  log  p  =  8.0  from  the 
original  spectrum  to  reveal  the  M  dwarf.  A  best-fit  M5  template 
was  then  subtracted  from  the  original  spectrum  to  reveal  the  white 
dwarf.  The  process  works  quite  well  with  minimal  smoothing 
(maximum  boxcar  of  7  A  for  spectra  with  S/N  >  10).  The  sep¬ 
arated  white  dwarf  and  M  dwarf  spectra  are  then  processed  and 


0  1  2  3  0  1  2  3 


(g  -  r)^  (g  -  r)„ 

Fig.  3. — The  gri  color-color  diagram  for  the  WDMs  in  our  sample.  The  spec¬ 
troscopically  identified  WDMs  are  plotted  as  open  circles  {left).  For  comparison, 
in  the  right  panel  we  plot  the  photometrically  identified  WDMs  of  Smolcic  et  al. 
(2004;  dots)  and  the  isolated  white  dwarfs  of  K04  {crosses). 


3.  THE  WHITE  DWARF  PRIMARIES 

The  overwhelming  majority  of  the  white  dwarf  primaries  are 
hydrogen-atmosphere,  DA  white  dwarfs.  The  handful  of  non-DA 
primaries  are  of  types  DB,  DC,  DZ,  DO,  and  DBA.  Table  2  lists 
the  number  of  white  dwarfs  of  each  spectral  type  in  the  cur¬ 
rent  sample  (see  Table  3  for  the  breakdown  of  M  dwarf  spectral 
types). 

Following  the  prescription  outlined  in  K04  and  implementing 
their  autof  it  program,  the  spectra  are  fitted  to  the  temperature- 
surface  gravity  grid  of  theoretical  pure  hydrogen  and  pure  he¬ 
lium  white  dwarf  model  spectra  of  D.  Koester  (see  Finley  et  al. 
[1997]  andK04  for  a  full  description  of  the  models  and  autof  it 
program),  with  6000  K  <  Teff  <  100,000  K  and  logp  from  5 
to  9.  Our  white  dwarf  spectral  type  identifications  follow  the 
convention  of  Sion  et  al.  (1983).  An  example  of  one  of  our 


TABLE  3 

SDSS  M  Dwarf  Spectral  Types 


Spectral  Type 

Number  of  Components 

KO . 

1 

K5 . 

4 

K7 . 

27 

MO . 

64 

Ml . 

42 

M2 . 

81 

M3 . 

149 

M4 . 

179 

M5 . 

66 

M6 . 

33 

M7 . 

8 

M8 . 

2 

M9/L0 . 

5 

M:'* . 

67 

C . 

3 

.b 

15 

Notes. — Final  classification.  Refer  to  §  4  for  details. 

“  M:  Unclassified.  Detected  the  presence  of  a  red  companion 
but  could  not  classify  the  spectral  type.  Refer  to  §  4  for  details. 

’’  Red  excess  detected  in  photometry  and  /or  emission  detected 
in  WD  spectra.  Suspect  presence  of  a  companion  but  need  spec¬ 
troscopic  follow-up  to  confirm. 
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Fig.  4.— WDM  SDSS  J172406.14+562003.1  from  our  sample.  D.  Koester’s 
DA  white  dwarf  atmospheric  model  fit  to  the  spectrum  is  shown  with  reddening 
{solid  line)  and  without  refluxing /reddening  {dashed  line).  The  white  dwarf  has 
Tqs  —  36,250  K  and  log^  —  7.2,  with  a  final  spectral  type  of  DAI. 4.  Note  the 
excellent  fit  even  with  the  strong  Ha  emission  and  residual  features  in  the  red 
from  the  companion  M  dwarf,  which  were  not  perfectly  subtracted  from  the 
spectrum.  [See  the  electronic  edition  of  the  Journal  for  a  color  version  of  this 
figure.] 

fits  from  the  autofit  program  is  given  in  Figure  4.  The  top 
panel  displays  the  likelihood  contours  (1,  2,  3,  5,  and  10  ct)  in 
log  5 -subtype  space,  where  the  subtype  represents  the  Teff  of 
the  white  dwarf  in  units  of  50,400/J'eff  (Sion  et  al.  1983).  The 
middle  and  bottom  panels  plot  the  full  SDSS  spectrum  and  the 
regions  of  the  white  dwarf  spectrum  where  interesting  features 
are  typically  located  (e.g.,  Balmer  hydrogen  and  helium  absorp¬ 
tion).  The  solid  line  is  the  fit  that  includes  reddening,  and  the 
dashed  line  is  the  fit  without  reddening /refluxing  (see  K04  for 
details). 

The  SDSS  PSF  magnitudes  of  the  WDM  pairs  are  used  in  the 
overall  fit,  as  for  the  single  white  dwarfs  described  in  K04.  We 
make  no  effort  to  deconvolve  the  white  dwarf’s  color  contribu¬ 
tion  from  the  M  dwarf’s  color  contribution.  The  fits  are  quite 
good  if  the  continuum  contribution  from  the  M  dwarf  and  con¬ 
tamination  of  the  Ha  absorption  feature  are  small  (or  effectively 
removed)  and  the  spectrum  is  of  high  quality  (S/N  >  15).  In 
some  cases,  residual  M  dwarf  flux  (as  seen  in  Fig.  4  between 
^7000  and  9000  A)  remains  in  the  spectrum.  Our  fits  to  the 
spectra  were  applied  between  3500  and  5400  A.  This  excludes 
both  the  ^7000-9000  A  region  discussed  above  and  Ha,  which 


tends  to  be  most  contaminated  by  the  M  dwarf  and  is  the  fea¬ 
ture  least  likely  to  be  recovered  in  the  subtraction  process.  Tests 
on  isolated  white  dwarfs  from  the  K04  study  that  exclude  Ha 
from  the  fit  show  very  little  change  in  the  measured  and 
log  g  determined  by  the  autofit  program.  The  change  in  Te« 
and  log  g  was  within  the  measurement  errors  for  all  but  the 
lowest  S/N  objects  (<  10).  We  have  excluded  all  objects  below 
this  S/N  threshold  from  our  final  analysis  to  ensure  we  are 
using  only  the  most  reliable  values  of  and  log  g.  We  have 
found  that  the  poorest  fits  to  the  white  dwarf  spectra  result  from 
low  S/N  (<10),  not  residual  M  star  contributions  from  the  sub¬ 
traction  process. 

We  were  able  to  accurately  fit  models  to  496  of  the  747  bina¬ 
ries  in  our  sample.  Model  fits  could  not  be  obtained  for  the  re¬ 
maining  white  dwarfs  due  to  the  low  S/N  of  the  spectrum  and/or 
a  large  M  dwarf  flux  contribution  that  could  not  be  adequately 
removed  from  the  spectrum.  We  made  no  attempt  to  determine 
the  Teff  and  log  g  of  white  dwarfs  with  spectral  types  DC,  DZ, 
DO,  or  DBA.  Table  4  lists  the  white  dwarf  parameters  obtained 
from  the  atmospheric  model  fits  log  g,  and  the  DA  and  DB 
subtype),  as  well  as  the  cooling  ages  from  evolutionary  models 
of  Bergeron  et  al.  (1995). 

Figure  5  plots  the  effective  temperature  distribution  for  the 
separated  DA  white  dwarf  primaries,  and  Figure  6  shows  the 
log  g  distribution.  The  average  T’eff  of  the  483  DA  white  dwarfs 
(we  exclude  the  1 3  DB  dwarfs  from  these  figures  for  comparison 
with  K04)  is  ~2 1,200  K.  The  temperature  distribution  of  the 
WDMs  in  Figure  5  is  broad,  reflecting  the  large  range  of  Tts 
for  our  sample.  The  K04  distribution  is  strongly  peaked  at  low 
feff  (<10,000  K),  with  a  high-temperature  tail.  Our  distribution 
has  a  similar  high-temperature  tail  but  many  more  white  dwarfs 
around  20,000  K.  This  is  most  likely  a  selection  effect  in  the 
spectroscopic  targeting  of  the  WDM  objects.  As  described  above, 
many  of  our  objects  were  targeted  by  the  quasar  pipeline,  which 
selects  many  blue  objects.  The  flux  from  an  object  selected  by 
the  quasar  pipeline  is  dominated  by  the  white  dwarf  For  an  aver¬ 
age  M  star  companion,  the  white  dwarf  thus  has  to  be  quite  hot. 
Systems  with  cooler  white  dwarfs  are  not  targeted  as  frequently 
(see  §  2  discussion)  and/or  are  not  recognized  as  spectroscopic 
pairs  because  the  M  dwarf  masks  the  flux  from  the  cool  white 
dwarf  companion. 

We  are  conducting  a  parallel  study  in  which  we  have  al¬ 
ready  performed  radial  velocity  follow-up  on  over  30  of  these 
systems  to  determine  their  orbital  periods.  Preliminary  results 
suggest  that  several  of  these  systems  have  orbital  periods  that 
place  them  within  the  CV  period  gap  (2  hr  <  PoA  <  3  hr).  As  each 
system  moves  into  Roche  lobe  contact  and  begins  mass  transfer, 
the  white  dwarf  is  heated  by  the  accretion  process,  thereby  de¬ 
stroying  any  age  information  from  the  cooling  of  the  previously 
detached  white  dwarf.  Without  knowing  the  orbital  period  of  the 
hot  systems,  we  must  be  cognizant  of  the  fact  that  some  small 


TABLE  4 

White  Dwarf  Parameters 


Name 
(SDSS  J) 

Plate 

Fiber 

MJD 

Spectral  Type 
(SPl  +  SP2) 

WD 

Subtype 

^WD  Subtype 

MS  Spectral 
Type 

108(9) 

(K) 

(K) 

Age 

(yr)  Notes 

001029.87+003126.2 . 

..  0388 

545 

51793 

DZ;  +  dM 

MO 

001324.33-085021.4 . 

..  0652 

321 

52138 

WD:  +  dM 

M4 

001726.63-002451.2  . 

..  0687 

153 

52518 

DA  +  dMe 

3.1 

0.1 

M4 

8.1 

0.1 

16507 

532 

1.84E+08 

001733.59+004030.4 . 

..  0389 

614 

51795 

DA  +  dM 

2.5 

0.2 

M4 

7.7 

0.2 

19888 

1591 

4.82E+07 

001749.24-000955.3  . 

..  0389 

112 

51795 

DA  +  dMe 

0.7 

0.0 

M2 

7.9 

0.1 

75044 

0 

7.10E+05 

Notes. — Table  4  is  published  in  its  entirety  in  the  electronic  edition  of  the  Astronomical  Journal.  A  portion  is  shown  here  for  guidance  regarding  its  form  and  content. 
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Fig.  5. — refr  distribution  of  the  DA  white  dwarfs  in  SDSS  close  binary  sys¬ 
tems  {top)  as  compared  to  the  isolated  SDSS  DA  white  dwarfs  of  K04  (bottom). 
The  Tcff  distribution  of  white  dwarfs  in  close  binaries  is  broader  than  in  the  isolated 
DA  white  dwarf  sample.  There  are  many  hot  white  dwarfs  in  these  systems,  indi¬ 
cating  that  a  large  fraction  of  the  sample  is  younger  than  the  isolated  DAs.  See  §  3 
for  an  alternative  explanation. 


Fig.  6. — Plot  of  the  log  g  distribution  of  the  DA  white  dwarfs  in  SDSS  close 
binary  systems  (top)  as  compared  to  the  isolated  SDSS  white  dwarfs  of  K04 
(bottom).  There  appears  to  be  a  broader  range  of  log  g  (masses)  associated  with 
close  pairs  than  the  relatively  narrow  distribution  of  log  g  for  the  field  white 
dwarf  sample,  but  fewer  at  high  log  g.  The  high  log  g  tail  is  most  likely  an  arti¬ 
fact  of  the  model  fits  at  Teff  <  10,000  K.  See  K04  for  details  on  their  high  log  g 
tail. 


Fig.  7. — White  dwarf  from  D.  Koester’s  white  dwarf  models  vs.  the 
white  dwarf  age  from  the  cooling  models  of  P.  Bergeron  (see  Bergeron  et  al. 
1995).  The  inset  panel  gives  the  cooling  age  distribution  of  the  close  binaries.  The 
majority  of  the  measured  white  dwarfs  are  relatively  young  (age  <2x10*  yr). 

number  of  these  systems  may  have  undergone  a  period  of  mass 
transfer  that  reheated  the  white  dwarf  In  these  cases,  the  ages 
determined  from  the  model  fits  can  be  considerably  younger  than 
the  actual  age  of  the  system. 

Employing  the  evolutionary  grids  (updated  for  SDSS  colors) 
of  Bergeron  et  al.  (1995),  we  determine  the  age  via  bicubic 
interpolation  through  the  evolutionary  models  for  the  and 
logp  of  each  white  dwarf  Figure  7  plots  the  Teff  versus  age 
for  the  white  dwarfs  in  our  sample.  Lines  of  constant  log  g  are 
given  for  logp  =  7.0,  7.5,  8.0,  8.5,  and  9.0.  The  histogram  in 
the  upper  right  comer  displays  the  resulting  white  dwarf  age 
distribution. 

We  find  that  the  average  cooling  age  of  DA  white  dwarfs  with 
Teff  ^  21,200  K  is  approximately  0.20  Gyr.  Compared  to  the 
average  age  implied  by  the  numerous  cool  white  dwarfs  in  the 
K04  sample  and  the  age  of  the  Galactic  disk  (~7-9  Gyr;  Liebert 
et  al.  1988;  Oswalt  et  al.  1996),  these  systems  are  quite  young. 
They  are,  however,  older  than  the  30  well-observed  close  binary 
systems  described  in  Schreiber  &  Gansicke  (2003),  which  sug¬ 
gests  that  the  SDSS  is  finding  cooler  white  dwarfs  in  close  bi¬ 
naries  than  earlier  searches  for  these  systems  have  revealed. 

The  autofit  program  returned  20  white  dwarfs  with  low- 
gravity  ( log  g  <1)  fits,  which  may  indicate  that  they  are  quite 
low  mass  (A/wd  <  0.45  Mq).  Most  of  these  resulted  Ifom  poor 
fits  as  a  result  of  inadequate  M  dwarf  fiux  subtraction  combined 
with  low  S/N.  However,  five  of  these  low-gravity  objects  appear 
to  have  reasonable  fits  but  are  very  faint  (p  >  20),  and  as  a  result 
have  very  low  S/N.'^  Low-mass  white  dwarfs  in  close  binary 
systems  are  integral  to  our  understanding  of  the  mass  loss  and 
diflnsion  episodes  in  the  stages  leading  up  to  the  formation  of 
white  dwarfs  (Benvenuto  &  De  Vito  2004;  Althaus  et  al.  2004). 
It  has  been  suggested  that  a  low-mass  white  dwarf  can  only  be 


**  The  SDSS  has  uncovered  a  variety  of  extreme  low  mass  white  dwarfs.  See 
K04,  Liebert  et  al.  (2004),  and  Eisenstein  et  al.  (2005)  for  details  on  these  un¬ 
usually  low  surface  gravity  objects. 
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Fig.  8. — Three  white  dwarfs  with  emission  in  Hq,  H/?,  and  H7  and  no 
obvious  optical  counterpart  in  the  red.  There  are  24  additional  white  dwarfs  with 
similar  strong  emission  and  no  optical  counterpart.  The  feature  near  5600  A  in 
each  of  the  spectra  is  an  artifact  of  the  SDSS  data  reductions  and  is  not  a  real 
feature. 

formed  in  the  presence  of  a  binary  companion  (Marsh  et  al. 
1995);  a  large  sample  of  these  systems  would  be  an  interesting 
test  bed  for  a  variety  of  theories.  If  these  systems  do  in  fact 
harbor  low-mass  white  dwarfs,  they  would  nearly  double  the 
known  population  of  such  systems.  We  list  the  fit  parameters 
for  these  seven  objects  in  Table  1  but  have  not  included  them  in 
any  of  the  figures  pending  additional  spectroscopy  to  confirm 
their  nature.  These  seven  white  dwarfs  are  identified  in  column 
(24)  of  Table  1. 

The  log  g  distributions  of  this  sample  and  the  K04  DAs  are 
quite  similar,  with  a  fairly  symmetric  distribution  around  a  peak 
of  7.9,  as  demonstrated  in  Figure  6.  However,  there  are  more 
white  dwarfs  with  high  log  g  in  the  K04  distribution  (bottom). 
It  is  probable  these  high-mass  white  dwarfs  also  exist  in  close 
binary  systems,  but  again,  the  lack  of  such  systems  in  our  sample 
is  likely  a  result  of  our  inability  to  distinguish  them  from  isolated 
M  stars.  High-gravity  white  dwarfs  have  smaller  radii.  Paired 
with  an  average  M  dwarf  companion,  the  white  dwarf  would 
contribute  very  little  flux  to  the  combined  spectrum  and  would 
be  very  difficult  to  observe.  Many  such  objects  have  probably 
gone  undetected  in  SDSS  spectroscopic  studies  and  will  only  be 
revealed  with  UV  follow-up  observations. 

3.1.  White  Dwarfs  with  Emission 

Twenty-seven  objects  identified  in  this  study  (DA+:e)  have 
what  appear  to  be  normal,  isolated  white  dwarf  spectral  features 
with  (in  some  cases,  strong)  hydrogen  Balmer  emission  features 
in  the  spectra.  Figure  8  shows  three  examples.  Although  there 
is  no  obvious  optical  signature  of  a  close,  low-mass  companion 
other  than  the  presence  of  the  emission  at  Balmer  wavelengths, 
the  source  of  the  emission  is  probably  a  late  M  dwarf  (or  per¬ 
haps  L  dwarf)  companion.  Most  of  the  27  white  dwarfs  are  hot 
(>20,000  K)  and  bright.  While  M  dwarfs  are  much  larger  than 
white  dwarfs,  their  relatively  cool  temperatures  result  in  very 
low  luminosity  at  optical  wavelengths,  so  hot  white  dwarfs  will 
easily  dominate  the  combined  spectrum. 


The  spectra  of  these  systems  may  seem  to  resemble  low  ac¬ 
cretion  rate  CVs  (see  Szkody  et  al.  2004,  2005),  but  we  can  say 
that  the  emission  seen  in  these  systems  is  not  a  result  of  mass 
transfer.  Emission  line  widths  in  CVs,  even  low  M  CVs,  are 
~30-40  A  or  more  at  their  base  near  the  continuum  in  Ha. 
In  contrast,  all  of  our  systems  have  line  widths  <20  A  at  the 
continuum.  Further,  many  of  the  emission  lines  in  CVs  have 
structure  that  indicates  the  presence  of  an  accretion  disk,  and  the 
hydrogen  emission  lines  are  often  accompanied  by  He  I  and 
He  II  lines  in  emission.  We  detect  none  of  these  signatures  in  the 
27  objects  presented  here,  with  the  exception  of  the  two  sys¬ 
tems  discussed  below.  Instead,  the  hydrogen  emission  features 
we  observe  are  typical  of  emission  lines  produced  by  magneti¬ 
cally  active  M  dwarf  stars  with  strong  chromospheric  emission, 
or  by  M  dwarfs  that  are  subject  to  significant  irradiation  that 
causes  excess  photoionization  and  subsequent  recombination  in 
the  hydrogen  Balmer  lines. 

The  emission  we  observe  may  be  some  combination  of  both 
of  these  processes  for  most  of  the  systems  in  our  subsample. 
However,  two  of  the  27  objects  (SDSS  J131751.72+673159.4 
and  SDSS  J143947. 62— 010606.9)  show  He  I  in  emission  in  ad¬ 
dition  to  the  emission  in  all  of  the  observable  Balmer  series  lines 
(see  Fig.  8,  top).  The  simultaneous  presence  of  H  and  He  I  lines 
is  often  produced  by  irradiation  of  an  M  dwarf  secondary  by  a 
hot  primary  star,  while  He  1  is  not  usually  observed  in  the  emis¬ 
sions  of  normal  magnetically  active  M  dwarfs.  The  white  dwarfs 
in  these  systems  are  the  hottest  in  this  subsample,  making  irra¬ 
diation  a  promising  candidate  for  producing  the  observed  emis¬ 
sion  in  these  two  objects. 

Of  particular  interest  is  SDSS  121209.31+013627.7.  The 
spectrum  of  this  object,  first  discovered  by  Schmidt  et  al.  (2003), 
is  of  a  magnetic  white  dwarf  with  a  13  MG  field.  The  emission 
feature  at  Ha  is  weak  and  not  obvious  in  the  SDSS  discovery 
spectrum.  The  strong  Ha  emission  was  confirmed  with  follow¬ 
up  spectroscopy  at  Apache  Point  Observatory'^  in  2004  March. 
This  appears  to  be  the  first  observation  of  a  magnetic  white  dwarf 
with  a  nondegenerate  binary  companion  (see  Liebert  et  al.  2005 
for  details).  We  include  this  object  in  our  tables  for  completeness 
and  refer  the  reader  to  Schmidt  et  al.  (2005)  for  a  detailed  anal¬ 
ysis  of  this  system. 

We  attempted  to  match  all  27  white  dwarfs  with  emission  to 
objects  observed  in  the  Two  Micron  All  Sky  Survey  (2MASS). 
Only  eight  of  the  27  objects  were  sufficiently  bright  to  be  ob¬ 
served  in  all  three  2MASS  colors  (JHKg).  Following  the  pre¬ 
scription  outlined  in  Wachter  et  al.  (2003)  and  Wellhouse  et  al. 
(2004),  we  plot  the  near-IR  colors  of  the  eight  systems  in  Figure  9 
and  divide  the  plot  into  the  same  regions  as  Wellhouse  et  al. 
(2004)  based  on  simulated  near-lR  colors.  Region  I  is  the  loca¬ 
tion  of  single  white  dwarfs,  while  region  II  contains  WDM  bina¬ 
ries  and  region  III  is  comprised  of  white  dwarf-L  dwarf  systems. 
Objects  in  region  IV  maybe  CVs,  magnetic  white  dwarfs,  or  white 
dwarfs  with  unusual  atmospheric  compositions. 

As  demonstrated  in  Figure  9,  six  of  the  eight  objects  lie  within 
regions  II  and  III  with  colors  indicative  of  unresolved  white 
dwarf-M  dwarf  or  -L  dwarf  binary  systems.  The  two  objects 
in  region  I  clearly  show  emission  at  Ha,  H/3,  and  Hy,  and  the 
uncertainty  in  their  colors  suggests  that  these  objects  may  belong 
in  region  III. 

Ha  emission  has  been  observed  in  L  dwarfs  by  groups  such 
as  Liebert  et  al.  (2003).  They  argue  that  strong  flare  events  with 
a  magnetic  origin  are  common  among  these  low-mass  objects, 


The  Apache  Point  Observatory  3.5  m  telescope  is  owned  and  operated  by 
the  Astrophysical  Research  Consortium. 
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Fig.  9. — Color-color  plot  of  eight  of  the  27  DA  WDs  with  Balmer  emission, 
recovered  in  2MASS  JHKs-  Objects  in  regions  II  and  III  have  colors  indicative 
of  an  unresolved  low-mass  companion. 

although  the  mechanism  for  producing  sustained  emission  is  much 
less  efficient  than  in  earlier  type  M  dwarfs  (W04).  Nevertheless, 
some  L  dwarfs  do  show  persistent  Ha  emission.  Thus,  the  low- 
mass  companions  in  region  III  may  indeed  be  L  dwarfs. 

4.  THE  LOW-MASS  SECONDARIES 

The  vast  majority  of  the  secondaries  in  this  catalog  are 
M  dwarf  stars  (32  are  K  dwarfs  [dK],  three  are  dwarf  carbon  stars 
[dC],  and  1 5  cannot  be  identified  [:]).  The  assignment  of  spectral 
type  is  accomplished  via  two  typing  methods:  (1)  a  least-squares 
fit  to  template  spectra  of  type  G,  K,  M0-M9,  and  L0-L4  and 
(2)  a  weighted  mean  of  molecular  band  indices  as  described  in 
W04.  Using  these  methods  to  predict  the  best-fit  spectral  type, 
each  spectrum  is  visually  inspected  and  the  predicted  spectral 
type  updated  as  necessary.  The  uncertainty  in  this  method  is  of 
order  ±  1  spectral  subtype  for  the  M  and  L  dwarfs.  We  also  dis¬ 
tinguish  between  early  K  dwarfs  (KO),  mid-K  dwarfs  (K5),  and 
late  K  dwarfs  (K7). 

The  spectral  type  distribution  of  Figure  10  is  symmetric, 
narrow,  and  peaked  at  M4  (—1,  —3,  and  —8  values  in  the  figure 
represent  K7,  K5,  and  KO  dwarfs,  respectively).  This  represents 
a  convolution  of  the  increasing  mass  function  toward  lower  mass 
together  with  the  decreasing  visibility  of  lower  mass  stars  com¬ 
pared  to  the  white  dwarf  primaries  in  the  optical.  Thus,  it  prob¬ 
ably  does  not  give  a  tme  picture  of  the  secondary  mass  function. 
The  latest  spectral  type  secondary  we  observe  is  M9/L0.  It  is 
likely  that  later  L  dwarf  companions  are  hidden  by  the  glare 
of  the  white  dwarf  primary  and  may  have  been  overlooked  as 
binaries,  although  the  active  ones  could  be  identified  by  their 
hydrogen  Balmer  emission  as  described  in  §  3. 1  (without,  how¬ 
ever,  revealing  their  spectral  type).  White  dwarfs  with  inactive, 
very  low  mass  secondaries  may  well  be  present  in  the  large 
SDSS  white  dwarf  catalogs  of  K04  and  Eisenstein  et  al.  (2005), 
just  as  high-mass  and/or  very  cool  white  dwarf  primaries  may 
be  present  in  the  large  SDSS  M  dwarf  catalog  of  W04  (see 
Fig.  10,  bottom).  Infrared  photometry  and  spectroscopy  would 


Fig.  10. — Distribution  of  M  dwarf  spectral  types  in  WDM  systems  {top) 
and  in  W04  {bottom).  The  negative  spectral  type  designations  indicate  the 
spectral  types  of  the  32  K  dwarf  secondaries  in  the  sample.  The  WDM  M  dwarf 
distribution  is  narrower  and  more  symmetric  than  the  W04  distribution.  See  §  4 
for  details. 

help  to  identify  white  dwarf  binaries  with  very  late  type  com¬ 
panions  as  discussed  in  §  3.1. 

The  selection  effects  associated  with  the  low-mass  secondar¬ 
ies  become  apparent  when  compared  with  the  M  dwarf  distri¬ 
bution  of  W04.  The  W04  study  includes  7831  spectroscopically 
identified  M  dwarf  stars.  As  displayed  in  Figure  10,  the  W04 
distribution  is  quite  broad  compared  to  the  WDM  distribution. 
The  W04  sample  includes  many  more  early  and  late  M  dwarfs, 
whereas  these  objects  were  likely  selected  against  in  the  WDM 
sample.  The  W04  study  concentrated  only  on  M  dwarfs,  which 
accounts  for  the  sharp  cutoff  at  zero  (MO)  in  their  distribution. 
As  with  our  sample,  given  the  uncertainty  in  spectral  type  it 
is  possible  that  some  of  the  MO  dwarfs  in  their  study  are  late 
K  dwarfs. 

A.\.  M  Dwarf  Activity 

Collisionally  induced  emission  at  hydrogen  Balmer  wave¬ 
lengths  (Ha,  H/3,  etc.)  is  formed  in  the  magnetically  heated 
chromosphere  of  the  star.  The  Ha  equivalent  width  is  used  to 
characterize  magnetic  activity  in  M  dwarfs  (Hawley  et  al.  1996). 
We  use  the  trapezoidal  integration  technique  outlined  in  W04  to 
sum  the  flux  in  Ha  under  the  emission  feature.  We  label  a  star  as 
active  if  it  has  an  Ha  equivalent  width  greater  than  1 .0  A.  *  ^  The 
W04  sample  was  put  through  more  rigorous  selection  criteria 
than  the  WDM  sample  because  the  isolated  M  star  spectra,  un¬ 
contaminated  by  the  presence  of  binary  companions,  were  gen¬ 
erally  of  higher  quality  than  our  separated  M  star  spectra,  and  the 
sheer  number  of  M  stars  in  the  SDSS  required  a  method  other 
than  the  visual  inspection  of  thousands  of  M  star  spectra.  With 
the  smaller  number  of  M  stars  in  the  WDM  sample,  each  spectmm 


There  is  more  detail  involved  in  the  determination  of  activity  in  M  stars 
than  is  presented  here.  We  refer  the  reader  to  W04  for  a  more  rigorous  discussion 
of  our  M  dwarf  activity  classification  method. 
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TABLE  5 

M  Dwarf  Parameters 


Name  Spectral  Type  WD  MS  Spectral  Ha  EW  cth^  ew 

(SDSS  J)  Plate  Fiber  MJD  (SPl  +  SP2)  Subtype  Type  (A)  (A)  Ti05  o-xios  CaHl  crcaHi  CaH2  o-caH2 

(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11)  (12)  (13)  (14)  (15) 


001029.87+003126.2 .  0388  545  51793  DZ:+dM  ...  MO  -1.76  0.41  0.72  0.00  0.85  0.08  0.70  0.04 

001324.33-085021.4 .  0652  321  52138  WD:+dM  ...  M4  2.46  0.72  0.50  0.08  0.58  0.12  0.58  0.07 

001726.63-002451.2 .  0687  153  52518  DA+dMe  3.1  M4  1.47  0.31  0.45  0.04  1.04  0.07  0.45  0.03 

001733.59+004030.4 .  0389  614  51795  DA+dM  2.5  M4  -0.28  0.26  0.44  0.03  0.89  0.06  0.44  0.02 

001749.24-000955.3  .  0389  112  51795  DA+dMe  0.7  M2  3.02  0.12  0.70  0.02  0.85  0.02  0.61  0.01 


Ha  o-H« 

Name  Continuum  Continuum 

(SDSS  J)  CaH3  trcaHt  Ti08  (Txios  (^)  (^)  r-i  log(x)  Tho/AoI  log (Lho/Aoi)  Notes  (MS)'*  Notes  (other) 

(1)  (16)  (17)  (18)  (19)  (20)  (21)  (22)  (23)  (24)  (25)  (26)  (27) 

001029.87+003126.2 .  1.24  0.05  0.95  0.08  2.74  0.05  0.67  -3.83 

001324.33-085021.4 .  0.66  0.07  0.76  0.07  1.54  0.04  1.51  -4.24  1.42E-04  -3.85 

001726.63-002451.2 .  0.79  0.04  0.91  0.03  4.49  0.06  1.51  -4.24  8.46E-05  -4.07 

001733.59+004030.4 .  0.73  0.03  0.89  0.02  3.62  0.04  1.51  -4.24 

001749.24-000955.3  .  0.79  0.02  0.99  0.01  16.60  0.08  1.03  -4.00  3.02E-04  -3.52 


Notes. — Table  5  is  published  in  its  entirety  in  the  electronic  edition  of  the  Astronomical  Journal.  A  portion  is  shown  here  for  guidance  regarding  its  form  and 
content. 

^  Double  asterisks  indicate  that  the  spectral  type  is  lower  limit.  The  white  dwarf  could  not  be  subtracted,  resulting  in  earlier  (bluer)  spectral  type  identification. 


can  be  examined  visually  to  confirm  the  presence  of  emission. 
Only  those  M  star  secondaries  in  which  the  equivalent  width  of 
the  Ha  emission  feature  was  measured  to  be  greater  than  1 .0  A 
and  the  emission  could  be  confirmed  visually  were  included  in 
the  analysis  of  active  stars. 

The  equivalent  width  of  Ha  depends  on  the  local  continuum 
fiux  in  the  region  near  Ha.  The  equivalent  width  changes  through 
the  M  dwarf  sequence  due  to  the  rapidly  changing  continuum 
fiux  and  is  not  representative  of  the  true  strength  of  activity  of  an 
individual  M  dwarf  Hence,  we  measure  the  strength  of  activity 
as  a  ratio  of  the  luminosity  at  Ha  (Lhq,)  to  the  bolometric  lu¬ 
minosity  (Lboi)  of  the  star.  This  value  does  not  depend  on  the 
shape  of  the  local  continuum;  rather,  it  is  a  representation  of  the 
radiative  strength  of  the  magnetically  driven  activity  with  re¬ 
spect  to  the  total  radiative  output  of  the  star.  We  use  the  distance- 
independent  method  tfom  WaUcowicz  et  al.  (2004)  and  West  et  al. 
(2005)  to  calculate  LnJL\„\.  This  eliminates  the  uncertainties  that 
would  be  introduced  by  using  distances  calculated  from  either 
the  white  dwarf  or  the  M  dwarf 

In  Table  5  we  provide  the  rough  (visual)  identification  of  the 
pair,  the  measured  white  dwarf  subtype,  the  measured  main- 
sequence  star  spectral  type  and  subtype  (tr  ~  ±  1  spectral  sub- 
type),  the  Ha  equivalent  width  and  the  associated  uncertainty 
(cols.  [5]-[9]).  A  variety  of  molecular  band  head  measurements 
and  their  uncertainties  are  given  in  columns  (10)-(19),  along 
with  a  measure  of  the  Ha  continuum  and  Ha  luminosity  of  the  M 
dwarf  (cols.  [20]-[21]).  The  r  —  i  color  and  log  (x)  factor  (West 
et  al.  2005),  activity  strength  (LHa/Lboi),  and  log  of  the  activity 
strength  [  log  (Z-Ha/Lboi)]  for  the  active  M  dwarfs  are  given  in 
columns  (22)-(25). 

Figure  11  compares  the  mean  activity  strength  of  the  WDM 
and  W04  samples.  The  activity  strength  observed  in  the  early 
M  dwarfs  in  the  WDM  sample  is  the  same  as  the  activity  strength 
in  the  W04  early  M  dwarfs.  The  magnetic  activity  in  early 
M  dwarfs  still  depends  on  rotation  as  in  the  FGK  stars,  since  a 
solar-type  dynamo  can  still  be  present  when  the  star  has  a  radi¬ 
ative  core  and  convective  envelope.  In  close  binary  systems,  the 
secondary  is  either  rotating  synchronously  with  the  system  or  is 


in  the  process  of  being  spun  up.  In  either  case,  the  M  dwarf  is 
probably  spinning  more  rapidly  than  an  average  field  M  dwarf, 
resulting  in  an  increased  traction  of  active  M  stars  (see  the  next 
paragraph’s  discussion),  but  the  mechanism  that  creates  the  emis¬ 
sion  is  the  same.  Therefore,  we  expect  that  the  strength  of  the 
activity  should  also  be  similar.  At  later  spectral  types  (^M4 
and  later),  M  dwarfs  become  fully  convective,  and  a  rotationally 


Fig.  11. — Log  of  the  mean  activity  strength  [log(mean  inaYboi)]  vs.  M  dwarf 
spectral  type  for  the  WDM  sample  of  active  M  dwarfs  with  H«  EW  >  1 .0  A 
(open  circles,  dotted  error  bars).  The  same  relation  is  plotted  for  the  W04  sample 
of  SDSS  M  dwarfs  (filled  squares,  solid  error  bars).  The  WDM  sample  shows 
the  same  activity  strength  in  the  early  spectral  type  M  dwarfs  as  the  W04  sample. 
The  activity  strength  of  the  WDMs  decreases  toward  later  spectral  types  with 
respect  to  the  W04  M  dwarfs  in  the  well-populated  spectral  type  bins.  There  is 
evidence  for  an  increase  in  activity  strength  at  late  spectral  types. 
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Fig.  12. — Fraction  of  active  M  dwarfs  in  the  WDM  systems  {open  circles, 
dotted  error  bars)  as  compared  to  the  active  fraction  of  M  dwarf  stars  in  the  W04 
study  {filled  squares,  solid  error  bars).  Although  the  fraction  of  active  M  dwarf 
stars  per  spectral  type  bin  is  larger  for  the  M  dwarfs  in  WDM  systems,  the  trend 
toward  a  larger  fraction  of  active  M  dwarfs  at  later  spectral  types  is  confirmed. 
The  larger  fraction  of  active  M  dwarfs  at  early  spectral  types  is  most  likely  due  to 
the  M  dwarf  being  spun  up  by  the  close  white  dwarf  companion.  The  disparity 
between  the  two  samples  at  late  spectral  types  is  due  to  the  small  number  of  late 
spectral  type  M  dwarfs  in  the  WDM  sample.  The  W04  study  only  used  M  dwarfs, 
which  accounts  for  the  lack  of  K  dwarf  spectral  types  in  their  sample. 

driven  dynamo  should  play  a  lesser  role  in  the  observed  activity. 
In  these  stars  the  observed  activity  is  also  comparable  to  the 
activity  strength  of  the  W04  M  dwarfs;  this  suggests  that  the 
driver  behind  the  activity  in  mid-type  M  dwarfs  in  both  types  of 
system  is  probably  the  same.  There  is  evidence  of  an  increase  in 
activity  strength  in  the  late-type  M  dwarfs  in  binaries  with  re¬ 
spect  to  the  activity  strength  observed  in  field  M  dwarfs,  but  it 
is  clear  that  we  require  more  late-type  M  dwarfs  in  our  WDM 
sample  to  further  investigate  this  trend. 

As  expected  from  isolated  M  dwarf  studies,  the  fraction  of 
active  stars  increases  with  decreasing  temperature  (Hawley  et  al. 
1996;  W04).  Figure  12  illustrates  that  the  fraction  of  active  stars 
among  the  WDM  binaries  {open  circles,  dotted  error  bars)  is 
significantly  larger  at  every  spectral  type  compared  to  the  ex¬ 
tensive  W04  SDSS  results  {filled  squares,  solid  error  bars).  The 
larger  fraction  of  active  M  dwarf  secondaries  at  early  types 
( M0-M3)  may  be  connected  to  membership  in  a  close  binary  sys¬ 
tem.  As  discussed  above,  the  magnetic  activity  in  early  M  dwarfs 
still  depends  on  rotation,  as  in  the  FGK  stars;  therefore,  the  sec¬ 
ondary  is  either  rotating  synchronously  with  the  system  or  is  in 
the  process  of  being  spun  up.  The  M  dwarf  in  a  close  binary  is 
probably  spinning  more  rapidly  than  an  average  field  M  dwarf, 
resulting  in  a  larger  fraction  of  active  M  dwarfs  at  early  spec¬ 
tral  types.  As  with  the  single-star  sample,  the  M  dwarfs  in  the 
WDM  sample  exhibit  a  sharp  increase  in  the  active  fraction 
near  this  spectral  type.  The  monotonic  increase  in  active  frac¬ 
tion  with  decreasing  mass  has  previously  been  attributed  to  an 
age  effect  such  that  the  activity  lasts  longer  at  later  types,  al¬ 
though  the  physical  reason  for  this  is  not  yet  clear  (Hawley  et  al. 
1996;  W04).  We  can  examine  this  potential  age  effect  using  the 
ages  of  the  white  dwarfs  in  the  WDM  systems. 
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Fig.  13. — Top:  M/K  dwarf  spectral  type  vs.  white  dwarf  age  for  the  active 
(Ha  EW  >  1 .0  A)  M  dwarfs.  Bottom :  Same  relation  for  the  inactive  ( Ha  EW  < 
1.0  A)  M  dwarfs.  There  is  an  obvious  paucity  of  old,  active  M  dwarfs,  con¬ 
firming  the  trend  toward  decreasing  activity  with  increasing  age.  See  §  4  for 
details. 

W04  and  A.  A.  West  et  al.  (2006,  in  preparation)  demonstrate 
that  the  fraction  of  active  M7  dwarfs  decreases  with  vertical  dis¬ 
tance  from  the  midplane  of  the  Galaxy.  This  implies  an  age  ef¬ 
fect.  Those  stars  in  orbits  farther  from  the  midplane  are  older,  due 
to  the  timescales  involved  in  scattering  them  from  the  midplane 
of  the  disk  where  they  were  bom  to  their  current  locations.  We  do 
not  have  a  large  enough  sample  to  perform  a  similar  comparison 
using  the  vertical  distances  of  the  WDM  systems;  since  we  have 
the  cooling  ages,  we  can  directly  compare  the  magnetic  activity 
of  our  M  dwarfs  to  their  ages. 

Figure  13  plots  the  M  dwarf  spectral  type  versus  the  compan¬ 
ion  white  dwarf’s  age.  The  top  panel  plots  only  those  M/K  dwarfs 
deemed  active  (Ha  EW  >  1.0  A).  The  bottom  panel  plots  the  rest 
of  the  (inactive)  M/K  dwarfs  in  our  sample.  The  striking  differ¬ 
ence  between  these  two  plots  is  the  obvious  lack  of  old  (>0.8  Gyr) 
M  dwarfs  in  the  top  panel.  On  average,  in  the  well-populated 
spectral  type  bins,  there  are  more  older  inactive  M  dwarfs  than 
active  M  dwarfs.  This  appears  to  confirm  the  findings  of  W04 
and  A.  A.  West  et  al.  (2006,  in  preparation). 

This  has  interesting  implications  for  close  binaries.  First  con¬ 
sider  the  early  M  dwarfs.  The  observed  activity  in  these  stars  is 
tied  to  a  rotationally  driven  dynamo  that  is  enhanced  by  the  syn¬ 
chronous  rotation  of  the  binary.  It  therefore  follows  that  we 
should  see  active  early  M  dwarfs  of  all  ages  if  the  activity  solely 
depends  on  rotation.  Figure  13  shows  that  there  are  no  old  active 
early  M  dwarfs  in  these  systems.  This  suggests  that  there  is  some 
mechanism  that  switches  off  the  activity  at  a  given  age  or  over 
some  period  of  time  regardless  of  whether  a  rotationally  driven 
dynamo  is  present.  This  phenomenon  appears  to  be  responsible 
for  the  lack  of  activity  in  the  mid-late  M  dwarfs,  where  a  differ¬ 
ent  (turbulent)  dynamo  is  at  work.  It  appears  that  regardless  of 
the  dynamo  mechanism,  the  activity  in  M  dwarfs  is  a  function  of 
age. 

Further,  if  activity  is  a  function  of  age,  it  is  curious  that  we 
observe  many  young,  inactive  M  dwarfs.  Silvestri  et  al.  (2005) 
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obtained  a  similar  result  with  M  dwarfs  in  common  proper  mo¬ 
tion  WDM  binary  systems.  Compared  to  the  results  of  Hawley 
et  al.  (1996;  see  their  Figs.  6  and  7),  Silvestri  et  al.  (2005)  found 
many  inactive  M  stars  in  wide  binaries  at  colors,  masses,  and 
ages  for  which  activity  was  found  to  be  ubiquitous  in  cluster 
M  dwarfs.  W04  show  that  nearly  all  young  M7s  (those  closest  to 
the  midplane  of  the  Galaxy,  z  <  50  pc)  are  active,  and  yet  there 
are  many  young,  late  M  dwarfs  in  our  sample  that  are  clearly 
inactive.  Is  there  some  mechanism  in  WDM  binaries  that  pre¬ 
vents  activity  at  particular  ages  from  being  pervasive?  This 
appears  to  be  a  property  that  is  unique  to  M  dwarfs  in  binary 
systems.  Although  more  late-type  M  dwarfs  in  binaries  are  re¬ 
quired  to  investigate  this  further,  it  is  clear  that  although  they  are 
similar  in  some  respects  to  field  M  dwarfs,  M  dwarfs  in  binary 
systems  with  white  dwarf  companions  have  some  curious  differ¬ 
ences  that  are  not  well  understood. 

5.  CONCLUSIONS 

We  have  compiled  a  data  set  of  nearly  750  close  binary  sys¬ 
tems,  the  largest  sample  to  date  of  systems  with  a  white  dwarf 
primary.  The  typical  low-mass  secondaries  to  the  white  dwarfs 
are  M  dwarfs,  with  an  average  spectral  type  of  M4.  There  is  a 
small  number  of  white  dwarfs  with  K  dwarf  and  dwarf  carbon 
star  secondaries  in  our  sample. 

The  average  temperature  of  the  white  dwarfs  in  the  study  is 
~2 1 , 1 00  K,  but  the  distribution  is  broad  with  a  high-temperature 
tail,  similar  to  the  DA  white  dwarf  distribution  of  K04.  The  peak 
^eff  of  the  WDM  white  dwarf  distribution  suggests  that  the 
majority  of  these  pairs  are  younger  than  those  in  the  isolated 
white  dwarf  sample  of  K04,  although  this  may  be  due  in  part 
to  several  selection  effects  associated  with  the  WDM  sample.  It 
is  also  possible  that  some  of  the  hot  systems  have  undergone 
a  period  of  mass  transfer  as  they  evolve  through  the  CV  period 
gap.  These  systems  would  appear  much  younger  due  to  the  re¬ 
heating  of  the  white  dwarf  and  subsequent  destruction  of  age 
information  from  the  white  dwarf  cooling  times. 

We  find  the  M  dwarfs  in  WDM  binaries  have  similar  activity 
strengths  to  those  observed  in  large  samples  of  isolated  M  dwarf 
stars  (Hawley  et  al.  1996;  W04),  but  a  significantly  larger  frac¬ 


tion  of  the  WDM  binary  M  dwarfs  appear  to  be  active.  This  is 
most  likely  a  result  of  tidal  interaction  and  synchronous  rotation 
induced  by  the  presence  of  the  close  binary  companion.  The 
oldest  M  dwarfs  in  our  sample  are  inactive  (Ha  EW  <1.0  A), 
confirming  the  trend  in  M  dwarf  stars  toward  less  activity  with 
increasing  age,  as  described  in  Hawley  et  al.  (1996). 

Follow-up  spectroscopy  and  photometry  is  in  progress  to 
determine  the  orbital  periods  and  parameters  of  a  small  subset  of 
this  sample  (~30)  and  is  reported  in  N.  M.  Silvestri  et  al.  (2006a, 
in  preparation)  along  with  the  radial  velocities  and  kinematics  of 
the  entire  sample.  Our  investigation  of  the  magnetic  white  dwarf 
properties  of  this  sample  (Lemagie  et  al.  2005)  is  presented  in 
N.  M.  Silvestri  et  al.  (2006b,  in  preparation).  We  are  continuing 
to  search  for  these  close  systems  in  the  latest  plates  and  anticipate 
the  addition  of  several  hundred  more  WDM  systems  to  this 
sample  before  the  conclusion  of  the  survey,  bringing  the  known 
sample  of  close  white  dwarf+dM  binary  systems  to  more  than 
1000. 
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